1. Introduction {#sec1}
===============

*Isatis indigotica* Fortune (Brassicaceae) has long been used as a medicinal plant for the treatment of colds, fever, and influenza ([@bib63]), especially for the treatment of severe acute respiratory syndrome (SARS) and H~1~N~1~-influenza ([@bib25], [@bib38]). In previous studies, *I.indigotica* was demonstrated to have various pharmacologically active compounds in crude herbs ([@bib35], [@bib43], [@bib57]). Compounds such as indican, quinazolinone, indirubin (INR), tryptanthrin, glucosinolate and their derivatives extract from *I. indogotica* are identified to have antiviral, anti-inflammatory and anticancer effects ([@bib17], [@bib29], [@bib50]). INR has a significant effect on chronic myelocytic leukemia (CML), and a possible mechanism has been investigated in animal studies ([@bib44]). Analogously, the pharmacological activities of nucleosides, organic acids, amino acids, and polysaccharide in *I.indigotica* have also been widely investigated ([@bib5], [@bib59]).

In plants, as a basic element, nitrogen is an important component of chlorophyll, proteins, nucleic acids, some hormones and some secondary metabolites ([@bib13], [@bib16]). Nitrogen affects both the final yield through the primary metabolism of plants and the quality through secondary metabolism, especially for medicinal plants, in which secondary metabolites are active components for preventing and treating human disease ([@bib8]). However, the application of nitrogen fertilizer is not always efficient; plants are able to convert only 30--40% of applied nitrogen to useful products ([@bib28], [@bib54]). Residual nitrogen will pollute soil and water by volatilization, leaching, surface runoff and microbial consumption, thereby causing important ecological problems ([@bib14]). Therefore, lowering nitrogen fertilizer input and improving the efficiency of nitrogen use are major aims in many agronomic and physiological studies ([@bib21], [@bib33]).

The effects of nitrogen-limiting condition on plant growth, photosynthesis, nitrate uptake and assimilation have been widely studied ([@bib41], [@bib61]). It is known that the plants regulate their morphological structure, physiological metabolism and the expression of related genes to enhance the adaptation to nitrogen deficiency, one of abiotic stresses ([@bib3], [@bib45]). In addition, a variety of nutrient deficiencies in plants is characterized by an accumulation of specialized metabolites, and numerous studies have reported a positive correlation between low nitrogen availability and secondary metabolism in plants. *Arabidopsis* and tomato exhibit significant inverse relationships between nutrient availability and flavonoids accumulation, with nitrogen limitation promoting the greatest increase in flavonoids ([@bib52]). Catechin and epicatechin, which are the marker compounds in tea, show significant accumulation in low nitrogen treatment ([@bib49]). Thus, one must ask: What\'s the effect of low nitrogen application on *I.indigotica,* and how can that effect be measured?

Traditionally, indigo-indirubin and epigoitrin are the marker compounds for the quality of *Isatis* leaves (Daqingye) and *Isatis* roots (Banlangen) (Pharmacopoeia of People\'s Republic of China. 2015).However, with pharmacological study of the chemical compounds of *I.indigotica,* more and more bioactivity-based characteristics were thought to be indicators of good quality. Li et al. regarded quinazolidone alkaloids antiviral compounds as the quality indicators of *Isatis* roots ([@bib37]). Some studies show that nucleosides compounds such as hypoxanthine, adenosine, and uracil have effects on interfering virus proliferation and regulating cell\'s metabolism, thus they are associated with the quality formation of *I.indigotica* ([@bib23])*.* Similarly, radix *isatidis* polysaccharide (RIPS), anthranilic acids and total amino acids are highly responsible for anti-influenza virus effect of *I.indigotica*, and these compounds should be considered as indicators of quality assessment*.* Measuring the total bioactive and chemical composition of *I.indigotica* is an effective way to assess quality.

The development of metabolomics approaches and multivariate statistics analysis provides useful methods to obtain a complete picture of a plant\'s metabolites. We used metabolomics methods to assess the effects of nitrogen deficiency on *I.indigotica.* We compared metabolomics profile of leaves with roots in three field nitrogen application levels: severe nitrogen deficiency (0 kg/hm^2^), medium-nitrogen deficiency (337.5 kg/hm^2^), and normal-nitrogen (675 kg/hm^2^). Then, we characterized the most relevant metabolic pathways and metabolites to low nitrogen tolerance. We also focused on some quality-related compounds of *I.indigotica*, which were though not being discriminated among the treatments: indigo-indirubin, epigoitrin and anthranilic acids. Thus we could fully characterize the effect of nitrogen deficiency on *I.indigotica.*

2. Results and discussion {#sec2}
=========================

2.1. Principal component analysis (PCA) and orthogonal partial least squares discriminant analysis (OPLS-DA) {#sec2.1}
------------------------------------------------------------------------------------------------------------

The original data contained four quality control (QC) samples and 24 experimental samples, and 1914 peaks were extracted. The original data were then adjusted by missing value recoding and normalization analysis. In total, 447 peaks were reserved and annotated. To provide an overview of the similarities and differences among the samples, we used PCA to annotate the compounds of *I.indigotica* ([Fig. 1](#fig1){ref-type="fig"} ).The total variance rate explained by PC1 and PC2 were 51.8% and 14.6%, respectively. In this model, the quality control (QC) samples gathered in the center of the score plot and the test samples of three nitrogen groups were separated obviously. The samples were all in the 95% confidence interval (Hotelling\'s T-squared ellipse), reflecting the stable detection conditions and good repeatability of the analysis process. The PCA plot of untargeted liquid chromatography coupled with mass spectrometry (UHPLC-QTOF-MS) data showed that the metabolic profiles of *I.indigotica* changed significantly in N-deficiency stress.Fig. 1Score scatter plot for PCA model TOTAL with QC of all samples under different nitrogen levels. The abscissa PC \[1\] and the ordinate PC \[2\] represent the scores of the first and second ranked principal components, respectively, and the scatter color and shape represent experimental groupings of the samples. The differences between the visible groups are significantly different on the top principal components. The samples are all within the 95% confidence interval (Hotelling\'s T-squared ellipse).Fig. 1

To further investigate the effect of N-deficiency on metabolites of *I.indigotica* and to obtain group discrimination, we subjected the sample data to orthogonal partial least square discriminant analysis (OPLS-DA). By OPLS-DA, we could filter out orthogonal variables in metabolites that were not related to categorical variables, and analyzed non-orthogonal variables and orthogonal variables separately to obtain more reliable meta-group differences and experiments ([@bib55]). All models passed the displacement test. To identify differential metabolites of the N deficient treatments in root and leaf samples, we performed multivariate data analysis with Student\'s *t*-test and fold change methods. As the screening criteria, we use the *p*＜0.05 (*t*-test) and VIP＞1 at the same time to obtain the differential metabolites between the low nitrogen treatments and CK. Then we visualized the results of screening differential metabolites in the form of volcano plots ([Fig. 2](#fig2){ref-type="fig"} ).Fig. 2Volcano plots of differential metabolites in nitrogen deficiency treatments. Each point in the volcano plot represents a metabolite, the abscissa represents the fold change of the group compared to the substance (take the base 2 logarithm), and the ordinate represents the *p*-value of the Student\'s *t*-test (take the base 10 Logarithm), the size of scatter represents the VIP value of the OPLS-DA model. The larger the scatter is, the larger the VIP value. The scatter color represents the final screening result, the significantly up-regulated metabolites are shown in red, the significantly down-regulated metabolites are shown in blue, and the non-significantly different metabolites are gray.Fig. 2

The differential metabolites of roots in nitrogen deficient treatments were greater than those in leaves, and the up-regulated metabolites were greater than the down-regulated metabolites in N-deficient treatments. These results indicated that the roots had a more positive response to low nitrogen stress.

2.2. Differential metabolic pathway screening {#sec2.2}
---------------------------------------------

We compared the differential metabolites that were screened by the OPLS-DA model with the KEGG database ([www.kegg.jp/kegg/pathway.html](http://www.kegg.jp/kegg/pathway.html){#intref0010}), and we organized all the metabolic pathways in which the differential metabolites mapped. To determine the most relevant metabolic pathways in the different nitrogen conditions, enrichment analysis and topological analysis of differential metabolites were required to find the key pathways most relevant to the differential metabolites. The results were shown by bubble plots ([Fig. 3](#fig3){ref-type="fig"} .).In roots, purine metabolism changed notably in RN-z and RN-h. Amino sugar and nucleotide metabolism, arginine metabolism and secondary metabolism also differentiated the nitrogen deficient treatments and normal nitrogen treatment. Analogously, in leaves, carbohydrate metabolism, purine metabolism, arginine metabolism and secondary metabolism significantly changed in LN-z and LN-h. Flavonoid biosynthesis, flavone and flavonol biosynthesis were notably induced only in leaves. To unravel the changes of these pathways and decipher the effect on quality formation of I.indigotica, we concluded the relative differential metabolites in roots and leaves, respectively ([Table 2](#tbl2){ref-type="table"} and [Table 3](#tbl3){ref-type="table"}).Fig. 3The bubble plots of differential metabolic pathway in nitrogen deficiency. Each bubble represents a metabolic pathway respectively, the abscissa and the size of the bubble indicates the size of the influence factor of the pathway in the topological analysis; the larger the size, the larger the influence facto. The ordinate of the bubble and the bubble color indicated the *p* value (take negative natural logarithm, ln*p*-value) in the enrichment analysis, the deeper the color, the smaller the *p* value, and the more significant the enrichment.Fig. 3

2.3. Primary metabolic pathway and metabolites analysis {#sec2.3}
-------------------------------------------------------

One strategy of plants to tolerate low nitrogen stress may relate to carbohydrate transport and accumulation. [@bib4] reported that plants accumulate a large amount of sugar in the early stages of aging in low nitrogen stress, a condition which is obviously manifested as carbon-nitrogen imbalance. In addition, more sucrose is transported to the roots and it is involved in the root growth regulation, whereby the roots provide carbon sources and energy to plants in stressful conditions ([@bib31]). In this research, we found statistically differences in carbohydrate levels in *Isatis* roots. ADP-glucose, maltotriose and glycogen were found in relatively high concentrations in RN-h. L-arabinose abundance was significantly altered in roots and leaves. L-arabinose is an important constituent of *Radix Isatidis* polysaccharide (RIPS) ([@bib26]). Interestingly, in this study, levels of L-arabinose were high in N-deficient treatments in *Isatis* leaf, which the trend was opposite to that in roots. L-arabinose is a good carbon source in plants, and it has a key function in nitrogen-fixation ([@bib47]).Thus, we speculate that the changes in L-arabinose abundance were related to up-regulation in carbohydrate synthesis of *Isatis* leaf under low N conditions.

The high flexibility of the amino acid library is the embodiment of a plant\'s ability to adapt to the external environment. We found that the abundances of L-citrulline, L-proline and S-adenosyl-L-homocysteine were significantly changed in roots; the contents showed a trend of first decreasing and then increasing with a decrease in nitrogen availability. Amino acid content is closed related to nitrogen, yet some amino acids also act as regulators to alleviate abiotic stress ([@bib9]).According to a study on *Arabidopsis*, L-citrulline produces N compounds in specific tissues to serve as endogenous N sources for growth ([@bib39]). L-proline is related to plant cell osmotic regulation in stress conditions ([@bib66]). L-glutamate and L-tryptophan in leaves showed an opposite trend. An increase in L-tryptophan content in N-deficiency conditions is probably associated with amino acids acting synergically to mitigate N-deficiency damage of plants. Purine metabolism is part of nitrogen metabolism, and the relative metabolites synthesis is closely linked to nitrogen availability ([@bib40]). We found that the abundances of adenosine, deoxyadenosine and hypoxanthine were significantly different both in roots and leaves. Only adenosine accumulated in N deficiency. Adenosine is a principal nucleoside in *I.indigotica*, which has the effect of enhancing immunity ([@bib65]).The accumulation of adenosine may be related to purine metabolism acting to regulate nitrogen and reactive oxygen metabolism to alleviate damage ([@bib2], [@bib30]). However, further studies are needed to investigate the regulatory mechanism of purine metabolism in nitrogen deficiency conditions.

2.4. Specialized metabolic pathway and metabolites analysis {#sec2.4}
-----------------------------------------------------------

With respect to higher plants, the shikimate acid pathway could provide precursor substances for some special amino acids and various secondary metabolites ([@bib19]).The downstream pathways include tryptophan metabolism, phenylpropanoids biosynthesis, and flavonoid biosynthesis, etc. ([@bib20]). We found the differential metabolite related to the shikimate acid pathway was dopamine, and dopamine content in the LN-n group was significantly higher than that in the low-nitrogen group in leaves. Dopamine is an intermediate for the synthesis of alkaloids and its synthesis is closely linked to tyrosine. Dopamine has stress resistance functions ([@bib53]), and it regulates plant growth by affecting the oxidation process of IAA ([@bib10]). Associated with the high content of L-tryptophan in N-deficient conditions, we speculate that the up-regulation of tryptophan metabolism and insufficiency of its precursor tyrosine which was due to low nitrogen application may explain the steep change in dopamine abundance.

In addition to physiological functions, some specialized compounds in herbs may also be potential medicinal ingredients. Matairesinol and dictamnine are validated to have antitumor and antiviral effects, matairesinol is also a potent inhibitor of HIV Type-1 Integrase ([@bib12]). The abundances of matairesinol and dictamnine were significantly in roots in nitrogen deficiency. As a down-stream production of phenylpropanoid biosynthesis, sinapyl alcohol is also an important secondary metabolite in *I.indigotica*, which was proved to have anti-inflammatory and ant nociceptive effects ([@bib6]). Its content is positively correlated with the content of cinnamic acid ([@bib7]). We found that 3, 5-dimethoxy-4-hydroxycinnamic acid and sinapyl alcohol both accumulated in low-N stress. This accumulation was possibly related to a reduction in demand for organic acids in low-N conditions and an accumulation of organic acids ([@bib48]).

Flavonoid biosynthesis is a major part of plant secondary metabolism. Derived from the phenylpropanoid pathway, the flavonoid pathway is hypothesized to have evolved for protection against abiotic stresses by regulating the content of flavonoid ([@bib1]). Flavonoids are also important bio-active compounds in medicinal plants, and they have variety of physiological effects, such as anti-oxidation, anti-cancer and anti-virus ([@bib1], [@bib60]).We found that the metabolic pathway of flavonoids was induced only in leaves by N-deficiency and low nitrogen. The accumulations of vitexin and xanthohumol were enhanced, by about 1.5 to 3-foldbetween low-N treatments and CK. The isomer of vitexin, isovitexin is the main flavonoids of *I.indigotica* and is responsible for the antitumor effect ([@bib64]). Similarly, xanthohumol is also validated to have anti-cancer and anti-tumor effects ([@bib56]).

Most plant research of tryptophan metabolism concerns its defensive function, which produced toxic metabolites in common with phenylpropanoids ([@bib24], [@bib46], [@bib62]). In addition, tryptophan metabolism is closely related with the biosynthesis of indole alkaloids in several plants, such as *Arabidopsis* and *I.indigotica* ([@bib42]). Here we found that the concentration of 5-hydroxytryptamine (serotonin) in roots was higher in low nitrogen treatments ([Table 1](#tbl1){ref-type="table"} ). Being synthesized from tryptophan, 5-hydroxytryptamine has a vital function in tryptophan metabolism to alleviate biotic and abiotic stress ([@bib24]). Pharmacological studies show that 5-hydroxytryptamine also has an important neuromodulatory function in physiological responses and mental processes in human ([@bib18]).Table 1Related differential metabolites and the relative content identified in roots between the nitrogen deficiency treatments and CK.Table 1Differential metabolitesmetabolic pathwayRN-zRN-hRN-nAdenosinePurine metabolism3.12756.88810.9724DeoxyadenosinePurine metabolism7.27204.900411.9217HypoxanthinePurine metabolism0.50720.47231.9469L-CitrullineAgrine metabolism1.42170.78755.2285RibitolRiboflavin metabolism0.38240.31910.2893RiboflavinRiboflavin metabolism0.07120.08540.1066MaltotrioseCarbohydrate digestion and absorption2.67784.05494.43955-HydroxyindoleacetateTryptophan metabolism1.01921.14720.4855MatairesinolBiosynthesis of phenylpropanoids0.33020.23070.1659DictamnineBiosynthesis of alkaloids derived from shikimate pathway0.07330.06410.0354GlycerophosphocholineGlycerophosphlipid metabolism0.03320.03330.0658PrunasinCyanoamino acid metabolism0.08000.08530.0345ADP-glucoseAmino sugar and nucleotide sugar metabolism0.04860.07530.0208Starch and sucrose metabolismL-ArabinoseAmino sugar and nucleotide sugar metabolism0.09600.07100.1489GlycogenStarch and sucrose metabolism0.03570.05320.0420Carbohydrate digestion and absorption4-Guanidinobutyric acid；Agrine and proline metabolism3.42442.89164.8994L-ProlineAgrine and proline metabolism0.85930.57661.4069Carbapenem biosynthesisTraumatic acidalpha-linolenic acid metabolism0.03920.04050.6521Eicosapentaenoic acidUnsaturated fatty acids metabolism0.06860.07630.1419S-Adenosyl-L-homocysteineCysteine and methionine metabolism0.32550.24220.4603Table 2Related differential metabolites and the relative content identified in leaves between the nitrogen deficiency treatments and CK.Table 2Differential metabolitesmetabolic pathwayLN-zLN-hLN-nL-ArabinosePentose and glucuronate interconversions1.17091.23350.6721Ascorbate and aldarate metabolismGlycerolPentose and glucuronate interconversions2.26972.77221.6469RibitolPentose and glucuronate interconversions0.94051.62830.1765L-ThreonineAscorbate and aldarate metabolism3.92292.78104.2008AdenosinePurine metabolism3.52333.45361.5008DeoxyadenosinePurine metabolism18.073712.374524.5579HypoxanthinePurine metabolism0.94510.77621.4389L-GlutamateAlanine, aspartate and glutamate metabolism0.73980.80321.4367Biosynthesis of plant secondary metabolitesVitexinFlavone and flavonol biosynthesis34.160625.696222.9451Flavonoid biosynthesisXanthohumolFlavone and flavonol biosynthesis0.59901.05210.34563,5-Dimethoxy-4-hydroxy-cinnamic acidPhenylpropanoid biosynthesis5.61382.64341.5430Sinapyl alcoholPhenylpropanoid biosynthesis5.43485.18133.0867DopamineBetalain biosynthesis6.320920.573853.5003Biosynthesis of alkaloids derived from shikimate pathwayL-TryptophanBiosynthesis of alkaloids derived from shikimate pathway2.27622.98871.9359Phenylpropanoid biosynthesisTable 3List of sampling information of root and leaf of *I.indigotica*.Table 3indexNitrogen levelNitrogen amount kg/hm^2^OrganLN-zsevere nitrogen deficiency0LeafLN-hmedium-nitrogen deficiency337.5LN-nNormal-nitrogen (CK)675RN-zsevere nitrogen deficiency0RootRN-hmedium-nitrogen deficiency337.5RN-nNormal-nitrogen (CK)675

2.5. Contents of indictor components based on metabolomics data {#sec2.5}
---------------------------------------------------------------

As is shown in [Fig. 4](#fig4){ref-type="fig"} , the contents of indirubin-indigo and anthranilic acid was maintained at high levels under LN-z, and there was a similar trend with an increase in nitrogen levels: a steep decrease then slight increase. A similar trend for indirubin-indigo abundance was also observed in roots. Although epigoitrin content was not high and did not vary significantly in leaves, a distinct trend was observed in roots---first a decrease then an increase with the decrease of N levels. The content of anthranilic acid showed positive correlations with nitrogen levels in roots and the content was the highest in RN-n. Anthranilic acid and indirubin-indigo are recognized as main bioactive compounds in *Isatis* leaf, while in *Isatis* root was epigoitrin. Our results showed that low nitrogen application enhanced accumulation of these quality components.Fig. 4Relative contents of anthranilic acid, epigoitrin and indirubin (indigo) in *Isatis* leaf and *Isatis* root under different nitrogen levels. (a) *Isatis* leaf; (b) *Isatis* root.Fig. 4

3. Conclusion {#sec3}
=============

In this investigation, *I.indigotica* was cultivated in nature conditions in the field, with the changes in metabolites thereof being more complex and variable. Thus our investigation has a more practical meaning for the popularization and application of low-nitrogen conditions.

By employing LC-MS/MS metabolomics profiling with multivariate analysis methods, this research has clearly shown the biochemical response of *I.indigotica* in nitrogen deficient conditions. The roots had a more positive role in low-N tolerance. Purine metabolism was tightly correlated with nitrogen levels. Analogously, specialized metabolic pathways such as phenylpropanoids biosynthesis, the shikimate pathway, tryptophan metabolism and flavonoid biosynthesis were induced to adapt to the low-N conditions. Carbohydrate content was maintained at high levels in medium-nitrogen deficiency. The different distribution of L-arabinose between roots and leaves may be related to low-N tolerance. Severe and medium nitrogen treatments were negatively correlated with the accumulations of most amino acids, whereas L-tryptophan accumulated under low-N stress. The contents of L-proline and L-citrulline showed steep increases in severe-N treatment compared with medium-N treatment, a response which may be related to their special functions in alleviating cell damage. The amino acids were speculated to act synergistically to regulate low-N stress.

The up-regulation of specialized metabolic pathway is thought to be a plant adaptive mechanism to stress, such as salt stress, drought stress and nutrient stress. We found that some specialized metabolites, such as matairesinol and dictamnine 5-hydroxytryptamine (serotonin), vitexin, xanthohumol, sinapyl alcohol were maintained at high concentrations in N-deficiency treatments. Most of these metabolites have been validated to have pharmacological activities, and presumably be the potential medicinal constituents of *I.indigotica*. Quality indicators: indirubin-indigo, epigoitrin and anthranilic acid were negatively correlated with nitrogen level, and their concentrations were maintained relatively high in low nitrogen treatments. Similarly, vitexin notably accumulated in LN-z and LN-h. Vitexin and isovitexin are the main active-flavonoids in *I.indigotica*. Thus, we speculate that the moderate nitrogen deficiency induced the accumulation of pharmacologically related metabolites and had a positive effect on the medicinal value of *I.indigotica.*

4. Experimental {#sec4}
===============

4.1. Chemicals {#sec4.1}
--------------

Chemicals: indigo, indirubin and (R,S)- epigoitrin (National Institute for Food and Drug Control, China).

Reagents: Methanol, acetonitrile, ammonium acetate, ammonium hydroxide (CNW Technologies, LC-MS grade), 2-Chloro-L-phenylalanine (Shanghai Hengbai Biotech Co., Ltd).

4.2. Plant material culture {#sec4.2}
---------------------------

Field experiments were performed at Jurong Country, Jiangsu Province, China (120°E, 32°N). The soil had an organic matter content of 10.03 g kg^−1^, a total nitrogen content of 0.80 g/Kg and pH of 6.3. The experimental material was *Isatis indigotica* Fortune from Shanxi province, China. Seeds of *I.indigotica* were sown on April 16, 2017 (warm season). *I.indigotica* plants were subjected to the following three treatments: severe nitrogen deficiency (0 kg/hm^2^), medium nitrogen deficiency **(**337.5 kg/hm^2^) and normal nitrogen application (665 kg/hm^2^) ([Table 1](#tbl1){ref-type="table"}). Phosphorus and potassium fertilizers were treated in the same amount, which were all KH~2~PO~4~ 180 kg/hm^2^. Quadruplicate experiments were carried out for each treatment. There were 12 plots with a size of 1.5 m × 4 m. Random block design was used for routine field management. Both nitrogen fertilizer and phosphorus potassium fertilizer were applied twice with the same amounts each time. The first topdressing was on June 16, 2017 and the second topdressing was on Sept.16, 2017. Nitrogen fertilizer, phosphorus and potassium fertilizer were urea (nitrogen 46%) and KH~2~PO~4~ (including P 26.7%, including K 16.4%), respectively.

Sample were collected on Dec.16, 2017 (ten individual plants were randomly selected from each plot), the samples were washed and dried to measure the leaf and root fresh weight, and placed in an oven at 105 °C for 15 min, then dried to constant weight at 60 °C. The dry leaves and roots were pulverized with a pulverizer and the powders were sieved through 60 mesh (250 μm) and 100 mesh (180 μm), respectively for metabolomics analysis.

4.3. Sample extraction {#sec4.3}
----------------------

Approximately 30 mg of sample was transferred to a EP tube, then 1 mL extraction liquid (V methanol: V acetonitrile: V water = 2:2:1, which was kept at −20 °C before extraction) was added and 5 μL internal standard (IS, 2-Chloro-L-phenylalanine). The extraction was repeated three times for each treatment. The mixtures were homogenized in a ball mill for 4 min at 45Hz, and then subjected to ultrasound for 5min (incubated in ice water). After homogenization for three times, the solutions were incubated for 1 h at −20 °C to precipitate proteins. Then solutions were centrifuged at 12000 rpm for 15 min at 4 °C and the supernatants (500 μL) were transferred into fresh EP tubes. The extracts were dried in a vacuum concentrator without heating, then dissolved by adding 500 μL extraction liquid (V acetonitrile: V water = 1:1) and vortexing for 30s followed by ultra-sonication 10min (4 °C water bath). The solutions were centrifuged for 15 min at 12000 rpm (4 °C), and then the supernatants (60 μL) were transferred into fresh 2 mL LC/MS glass vials. Aliquots of 10 μL were taken from each sample and pooled as QC samples. Aliquots supernatant (60 μL) and the QC samples were used for UHPLC-QTOF-MS analysis.

4.4. LC-MS/MS analysis {#sec4.4}
----------------------

LC-MS/MS analysis was performed with an UHPLC system (1290, Agilent Technologies) and a UPLC BEH Amide column (1.7 μm 2.1\*100 mm, Waters) coupled to TripleTOF 5600 (Q-TOF, AB Sciex). The mobile phase consisted of 25 mM NH~4~OAc and 25 mM NH~4~OH in water (A) and acetonitrile (B) was carried with elution gradient as follows: 0 min, 95% B; 7min, 65% B; 9 min, 40% B; 9.1 min, 95% B; 12 min, 95% B, which was delivered at 0.5  mL min^−1^. The injection volume was 2 μL. The Triple TOF mass spectrometer was used because of its ability to acquire MS/MS spectra on an information-dependent basis (IDA) during an LC/MS experiment. In this mode, the acquisition software (Analyst TF 1.7, AB Sciex) continuously evaluates the full scan survey of MS data as it collects and triggers the acquisition of MS/MS spectra depending on preselected criteria. In each cycle, 12 precursor ions with intensity greater than 100 were chosen for fragmentation at collision energy (CE) of 30 V (15 MS/MS events with product ion accumulation time of 50 msec. each). ESI source conditions were set as following: ion source gas 1 as 60 Psi, ion source gas 2 as 60 Psi, curtain gas as 35 Psi, source temperature 650 °C, Ion Spray Voltage Floating (ISVF) 5000 V or −4000 V in positive or negative modes, respectively.

4.5. Data preprocessing and annotation {#sec4.5}
--------------------------------------

MS raw data files were converted to the mz XML format using Proteo Wizard, and processed by R package XCMS (version 3.2). The preprocessing results generated a data matrix that consisted of the retention time (RT), mass to-charge ratio (m/z) values, and peak intensity. R package CAMERA was used for peak annotation after XCMS data processing. An in-house MS2 database was applied in metabolites identification. Metabolites putatively identified in leaves and roots of *I.indigotica* in different nitrogen treatments were subject to principle component analysis (PCA) and orthogonal partial least square discriminant analysis (OPLS-DA) using SIMCA14.1 chemometric software package. The differential metabolites screened by the OPLS-DA were compared with the Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathway Database. The relative content of each metabolites was calculated based on the peak area of the internal standard.
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